Stream water data from five headwater basins in the northeastern United
Introduction

Background
Ecosystems in the northeastern region of the United States have been subject to elevated levels of acidic deposition since the early part of the 20th century [Gschwandtner et al., 1988] . The main components of acidic deposition are sulfuric and nitric acids, which are derived primarily from fossil fuel combustion. Historically, sulfuric acid has been more important than nitric acid as a source .of precipitation acidity [Likens and Bormann, 1995] , although the relative importance of nitric acid has increased substantially since 1970 [Gschwandtner et al., 1988; Husar et al., 1991] . Numerous studies have shown that soils and surface waters in many parts of the northeastern United States have been impacted by long-term exposure to acidic deposition [Stoddard, 1991; Murdoch and Stoddard, 1993; Likens and Bormann, 1995] . The most important effects of acidic deposition on soils are the mobilization of aluminum due to increased soil acidity and the leaching of base cations from the soil exchange complex [Ruess and Johnson, 1986; Wesselink et al., 1995] . As base cations become depleted from the soil-exchange pool, the acid-neutralizing capacity (ANC) of streams and lakes declines and surface waters become more susceptible to episodic acidification during snowmelt and storm events [Stoddard and Murdoch, 1991; [/an Dreason, 1993] . Depletion of cations, particularly Ca, from the soil exchange pool also has been implicated in the dieback of This paper is not subject to U.S. copyright. Published in 1999 by the American Geophysical Union.
Paper number 1998WR900050. red spruce forests in the northeastern United States [Shortle et al., 1997] .
Historical patterns in SO2 emissions rates indicate that although emissions have declined from their peak earlier this century, current emission levels are still much higher than during the preindustrial era. Regional and national emissions data summarized by Husar et al. [1991] and Nizich et al. [1995] indicate that SO2 emissions in the northeast and in the United States as a whole rose substantially during the early part of the 20th century and have fluctuated since then, with increasingly larger peaks in the 1920s, 1940s, and 1970s (Figure 1 ). Emissions of SO2 declined by one third between 1970 and 1994, mostly owing to the combined effects of economic recessions in the mid to late 1970s and early 1990s and emissions controls mandated by the Clean Air Act of 1970 [Nizich et al., 1995] . Clean Air Act amendments enacted in 1990 specified further reductions in SO2 emissions, which were reflected in substantial declines in SO2 output in 1995, the first year of compliance . Emissions of NOx in the northeast rose steadily during the 20th century until the 1970s, when they leveled off (Figure 1 ). The overall decline in emissions of acid precu. rsors (SO2 + NOx) over the past two decades has led to a decrease in strong-acid anion deposition during that period [Lynch et al., 1995b . It might be expected that at some point soils and aquatic ecosystems should begin to recover from their long-term exposure to acidic deposition. Conceptual ecosystem acidification models predict that surface waters will respond to reduced sulfuric acid deposition with higher p H and alkalinity and lower concentrations of SO4 and base cations [ 
Purpose and Scope
The purpose of this study was to test for trends in stream water chemistry at five HBN sites in the northeastern United States over the period 1968-1996 and to evaluate possible cause(s) for any observed trends. The HBN data set has extended another 15 years since the initial trend analyses of Smith andAlexander [1983] and Kramer et al. [1986] , and it now covers the period during which high-quality precipitation chemistry data are available for comparison. Attention was focused on HBN sites in the northeast because the area historically has had the highest acidic deposition rate in the nation (in this paper the upper Ohio River Valley is considered part of the northeast region).
Stream water chemistry data were tested for trends over the period of record during which all five HBN sites were operating and over two shorter periods, 1968-1983 and 1984-1996 . Tests on the shorter-term records allowed comparisons with (1) results of previous trend analyses on HBN stream water chemistry for the 1968-1983 period and (2) results of trend analyses on precipitation chemistry for the 1984-1996 period, performed as part of the present study. Possible causes for trends in stream water chemistry that were investigated included potential linkages between trends in stream water chemistry and precipitation chemistry, changes in analytical methodology, and changes in land use in the study basins. This paper focuses on trends in SO4, Ca + Mg, and alkalinity in stream water; SO4, Ca + Mg, and H in precipitation; and stream discharge and precipitation volumes. These chemical constituents probably are the main solutes driving the long-term acid/base status of surface waters in the study basins. Several recent studies of small basins in the northeast region of the United States have indicated that nitrogen compounds may be becoming an increasingly important source of acidity to precipitation and stream water [Murdoch and Stoddard, 1993; Stoddard, 1991] . However, nitrate concentrations at the HBN sites used in this study generally were near the analytical detection limit and exhibited no significant trends. Lower nitrate concentrations are expected in the HBN basins because flow paths are longer and soils are more extensive in these comparatively large basins. Because there were no trends in nitrate in stream water and only one weak trend in precipitation nitrate, nitrogen compounds are not discussed further in this paper. Other major constituents were tested for trends, but the results are not presented here unless they affect the interpretation of trends in SO4, Ca + Mg, alkalinity, or H. Ca and Mg were considered together because of their similar geochemical behavior and because they usually were the dominant cations in stream water. Analytical bias appeared to affect the stream water SO4 record during two periods. A positive bias was identified by a step function in stream water SO4 results between April 1986 and June 1989, and the problem was traced to the omission of a background sample-absorbance adjustment when using the turbidimetric analysis procedure [Schertz et al., 1994] 
Figure 2. Locations of selected Hydrologic
Statistical Analyses
Stream water-chemistry and precipitation-chemistry data were tested for temporal trends using the seasonal Kendall test (SKT), which is a nonparametric test that is well suited for analyzing temporal trends in seasonally varying water-quality data [Hirsch et al., 1982] . The SKT tests for monotonic trends, that is, whether there has been a statistically significant change in concentration over time. No assumptions are made about linearity of trends or normality of the data, and because the test is nonparametric, it is insensitive to the presence of outliers and missing values. The SKT accounts for seasonality by testing for trends in each season separately and then combining the results [Schertz et al., 1991] . The test can be applied to raw concentration data as well as flow-or volume-adjusted data, which permits one to account for the variance in chemistry attributable to variations in discharge or precipitation amount. This feature is important because solutes in stream water often show a strong correlation with discharge. Flowand volume-adjusted concentrations were calculated using regression models of the form f(Q) = lnQ or f(Q) = 1/(1 + B Q), where Q is instantaneous discharge and B is one of eight coefficients scaled according the observed range of discharge [Schertz et al., 1991] . Flow-adjusted concentrations associated with the "best" model, selected on the basis of which model provided the highest r square, were used in the trend analyses. In the present study, volume adjustment of precipitation chemistry was seldom necessary because correlations between precipitation chemistry and precipitation amount generally were poor. Unless otherwise noted, the stream water results being presented pertain to flow-adjusted concentrations, which are referred to simply as "concentrations" for brevity. Concentrations not adjusted for variations related to flow are referred to as "raw concentrations."
The SKT allows for selection of the number of seasons to use in the trend analyses. Because the minimum sampling frequency at the HBN sites was quarterly, trends in stream water chemistry were tested using four seasons of equal duration. When more than one sample was collected in a given season, the sample nearest the midpoint of the season was used. For precipitation data, trend analyses were performed on quarterly volume-weighted mean values reported by the NADP . Trends with p values less than 0.01 were considered highly significant, those between 0.01 and 0.05 were considered moderately significant, and those between 0.05 and 0.1 were considered weakly significant. A p value greater than 0.1 was interpreted to indicate no significant trend. The direction and slope of trends were obtained using the Sen slope estimator, which calculates the median of the slopes of all pairwise comparisons [Helsel and Hirsch, 1992] . Stream water and precipitation concentrations were plotted against time with a smoothed, locally weighted regression line (LOW-ESS) as an overlay to show general patterns in the data. The LOWESS technique is a nonparametric smoothing procedure that uses a weighted, least squares regression model to fit observations within a specified window [Cleveland, 1979] , which in this case was set to 0.5. It is a useful exploratory tool because it fits a regression model through data without making any assumptions about what type of model the data might fit (linear, quadratic, etc.). Trends in raw concentrations and flow-adjusted concentrations generally were similar, which is reasonable because there were few significant trends in discharge (Table 2; Figures 3d,  4d, 5d, 6d, and 7d) . The only two trends in discharge were moderately significant declines that occurred at Upper Twin Creek during 1968-1983 (also reflected in the long-term trend) and at Esopus Creek during 1984-1996 (Table 2) 
Trends in Precipitation Chemistry
Five of the eight NADP sites had highly significant declines in SO4 between 1984 and 1996, two had weakly significant declines, and one exhibited no significant trend (Table 3) (Table 3) . Where significant, the temporal patterns of the H declines were similar to those of SO4. The LOWESS curves suggest declines during the late 1970s to early 1980s, then a stable period until about 1988, followed by another period of decline (Figures 3g, 4g, 5g, 6g, and 7g) . In the preceding discussion the precipitation trend results In contrast with those studies, however, is the similarity found in the present study among trends in SO4 and H (Table 3) 
Discussion
Evaluation of Possible Causes of Stream Water Trends
The results of the trend analyses indicate that SO4 concentrations declined between 1984 and 1996 at all of the stream water sites and nearly all of the precipitation sites examined in this study. In the following discussion we investigate possible causes for the trends in stream water chemistry, including potential linkages with trends in atmospheric deposition, changes in analytical methodology, and changes in land use in the study basins. The similarity in extent and direction of the stream water and precipitation trends suggests that the declines in stream water SO4 might be related to the downward trends in SO4 deposition. For changes in atmospheric deposition to be the main cause of changes in stream water SO4, two conditions were considered necessary. First, in order for changes in atmospheric deposition to result in major changes in stream water SO4 concentrations, atmospheric deposition would have to account for a substantial portion of total sulfur inputs to the basins. Second, assuming other outside perturbations are minimal, changes in atmospheric deposition and stream water SO4 would need to be similar in magnitude. These conditions were Slopes of trends in SO4 in atmospheric deposition and stream water between 1984 and 1996 were compared after accounting for dry deposition and evapotranspiration. For simplicity it was assumed that relative changes in dry deposition were equal to relative changes in wet deposition. Under that assumption, changes in total atmospheric deposition would be greater than for wet deposition alone. The effect of evapotranspiration on stream water was accounted for by multiplying the stream water trend slope by the estimated water yield for each basin [Mast and Turk, 1998 ]. In four of five cases, declines in atmospheric deposition were more than sufficient to account for virtually all of the decline in stream water SO4, even under the assumption of zero dry deposition (Table 4) The stream water trends were adjusted for evapotranspiration. Three dry-deposition (dd) scenarios are provided, including zero dry deposition, dry deposition --0.5 x wet deposition, and dry deposition -1.0 x wet deposition. Here n.s., trend was not significant. Hubbard Brook and at the HBN streams may be due to reduced leaching of cations from the soil-exchange pool. According the mobile acid anion theory, hydrogen associated with strong acid anions deposited from the atmosphere displaces cations on soil exchange sites, which then leach from the soil with mobile anions such as SO4 [Galloway et al., 1983] . However, as acidic deposition declines, fewer mobile acid anions are flushed through the soil and leaching of cations from the exchange pool decreases. It is important to note that although acidic deposition rates and cation leaching may be declining, cations will continue to be depleted from the exchange pool as long as the leaching rate is greater than the rate of cation resupply from mineral weathering and atmospheric deposition (assuming no net uptake or release by vegetation). This may be manifested in stream water chemistry as a decline in SO4 and base cation concentrations and relatively invariant p H and alkalinity, a pattern which is evident at Hubbard Brook and some of the HBN streams.
Slopes of trends in
The second possible explanation for the declines in stream water SO4 noted in this study that was explored was changes in analytical methods. As described in the methods section, the bias on blind-audit samples analyzed by the USGS central laboratory was tested for trends and inspected for step functions. Two periods of bias in SO4 results were identified, and the concentrations of blind-audit and natural samples were adjusted as previously noted. Prior to adjustment, the bias in the results for the blind-audit samples exhibited a downward trend from 1984-1996 (p < 0.001), but after adjustment no trend in bias was apparent (p > 0.5). The effect of the bias during January 1995 to mid 1996 was more pronounced than the bias in the late 1980s because the former occurred near the end of the record rather than in the middle of the record.
Trend tests on the stream water 1984-1996 SO4 data sets prior to and after adjustment indicated downward trends in adjusted and unadjusted data at all sites, but the trends in the unadjusted data were generally stronger and had slopes of greater magnitude than trends in the adjusted data. Exclusion of the suspect data from the analyses usually did not substantially change the results of the statistical tests, although in some cases p values of trend tests were higher than they would have been otherwise, probably because gaps in the data records reduced the power of the statistical tests. As an additional test for bias in analytical results, SO4 concentrations in water samples collected at Crater Lake, Oregon (a USGS HBN site) and analyzed at the USGS central laboratory were tested for trends.
Because the residence time of water in Crater Lake is in excess of 100 years and the water is well mixed, concentrations should be relatively invariant on the time scale of this study. In effect, the Crater Lake water can serve as a large volume of natural reference water. No significant trends were identified in the adjusted Crater Lake SO4 data for the periods 1968-1983 or 1984-1996, but a very weak downward trend during 1984-1996 was detected in the unadjusted data (p = 0.1). Although it is always difficult to prove a complete lack of analytically driven trends, the results of the trend analyses on the blind-audit samples, the Crater Lake samples, and the various forms of the stream water data set suggest that analytical changes were not the main cause of trends 
Implications for Long-Term Monitoring Programs
Several implications pertaining to the design of long-term monitoring programs may be derived from this study. First, having a carefully designed quality-assurance program is essential. The use of blind-audit samples by the USGS central laboratory permitted identification of analytically driven trends in SO4 that could have otherwise confounded the interpretations. This illustrates the importance of routine analyses of blind samples that have a matrix similar to that of the natural waters being monitored. Other quality-assurance measures, including submittal of field blanks, analysis of spiked samples, and documentation of changes in sampling or analytical procedures are also important [Ludtke and Woodworth, 1997] .
It is noteworthy that despite the relative infrequency of sample collection at the HBN streams, trends in concentrations were detected. Selection of a cost-effective sampling strategy is a major concern for managers of long-term monitoring networks. Although greater sampling frequency might improve the ability to detect trends, it costs more. One important benefit of increased sampling frequency is the ability to detect short-term trends with greater confidence. Basin size is another consideration when building a network designed to detect trends in stream water. It might be hypothesized that smaller basins, such as those used in many process-oriented studies, might be more responsive to changes in atmospheric deposition. However, it appears that the size of HBN basins is suitable for detection of trends attributable to changes in atmospheric deposition. A design factor that might be more important than either sampling frequency or basin size is the continuity of the record. Sampling at some national surface-water monitoring networks, including the HBN and the U.S. Environmental Protection Agency's Long-Term Monitoring network, has been discontinued or drastically curtailed because of budget constraints. This has occurred just at the time when data records are of sufficient length to permit detection of long-term trends and when the effects of the Clean Air Act amendments of 1990 might be felt. Without continued monitoring, it will be difficult to assess the response of aquatic ecosystems to the mandated emissions reductions.
Conclusions
Downward trends in SO4 concentrations occurred between 1984 and 1996 at each of five Hydrologic Benchmark Network streams in the northeastern United States and at seven of eight nearby precipitation monitoring stations. The consistency and similarity in direction and magnitude of stream water and precipitation trends in SO4 suggest that streams may be exhibiting a regional response to changing atmospheric deposition. This decrease in stream water SO4 is consistent with predictions made by conceptual ecosystem acidification models and with trends observed at intensively studied sites in the northeast, such as the Hubbard Brook Experimental Forest, New Hampshire.
Stream water alkalinity has not increased measurably at most of the HBN study sites in the northeast, despite widespread decreases in precipitation acidity. Similar temporal patterns of stream water alkalinity and precipitation acidity have been documented at Hubbard Brook, where reduced leaching of base cations from the soil exchange complex was implicated. Reduced base cation leaching could be caused by depletion of cations from the soil exchange complex or by declining rates of atmospheric deposition, and is supported as a regional phenomenon by strong declines in base cation concentrations in three of the HBN streams.
Although reductions in SO2 emissions are now apparently being reflected in reduced precipitation and stream water sulfate concentrations, the reductions have not yet led to widespread increases in stream water alkalinity. Increases in alkalinity will be minimal until the rate of acidic deposition is reduced to substantially less than the rate of cation resupply via weathering and atmospheric deposition. Further research in the HBN basins is needed to establish weathering rates, soil base-saturation status, and biomass budgets so that predictions can be made about stream water chemistry under various atmospheric deposition scenarios.
